Future x-ray telescopes will likely require lightweight mirrors to attain the large collecting areas needed to accomplish the science objectives. Understanding and demonstrating processes now is critical to achieving sub-arcsecond performance in the future. Consequently, designs not only of the mirrors but of fixtures for supporting them during fabrication, metrology, handling, assembly, and testing must be adequately modeled and verified. To this end, MSFC is using finite-element modeling to study the effects of mounting on thin, full-shell grazing-incidence mirrors, during all processes leading to flight mirror assemblies. Here we report initial results of this study.
INTRODUCTION
The Chandra X-ray Observatory, 1,2,3 launched 15 years ago this year, is still the only x-ray telescope with sub-arcsecond imaging. Chandra has 4 massive mirror pairs with 750 cm 2 of effective area. In order to enable the next scientific regime of x-ray astronomy, more effective area is necessary. Although XMM-Newton has 5.5-times larger effective area, it is limited by less precise shells that result in ~30 times the half-power diameter of Chandra. 4, 5, 6 New technology is vital in order to achieve the precision of Chandra with the effective area of XMM-Newton.
Development efforts in high precision, light-weight cylindrical-shell fabrication appear to be approaching success. In anticipation, we are beginning to prepare for the technical challenges associated with assembling and supporting lightweight, sub-arcsecond mirrors without degrading their performance.
In this paper we survey current lightweight x-ray mirror fabrication, mounting and assembly. Next we discuss our plans for addressing mounting issues with densely packed, high-precision grazing-incidence mirror modules. Then we then describe our initial progress in understanding the opto-mechanics of mounting issues.
Current state of x-ray optics mounting and assembly technology
Like Chandra, many current x-ray telescope designs employ grazing-incidence (Wolter-1-like) mirror pairs; however, in order to increase the collecting area within the same telescope dimensions the number of nested shells is increased. 7 The full-shell x-ray optics are typically fabricated using replication off a precision mandrel in order to enable both precision and thin shells. 8 Another potential fabrication method for the thin, full-cylindrical shells is direct fabrication using low-stress polishing. 9 Alternative designs use segmented x-ray optics, fabricated using slumped-glass or silicon pore optics. 10 Differential deposition 11 and active figure control 12 are both valid possibilities in improving the performance of thin x-ray optics.
A lot of the current mounts for x-ray optics are fixed, however passive flexures and active mount figure control have been used in various designs. A fixed mount grants a stiffer joint but does not allow for correction after assembly. 
APPROACH
Achieving sub-arcsecond performance with light-weight x-ray optics is a difficult problem. In this section we outline our approach to develop a mounting scheme for lightweight grazing-incidence mirror modules throughout the fabrication, assembly and metrology processes. The principal tool used is finite-element modeling (FEM).
Assumptions and philosophy
To analyze specific mounting issues, we assume the basic design of the Wide Field X-ray Telescope (WFXT), shown in Figure 1 . WFXT is a probe-class mission concept that could perform key science investigations by utilizing wide-fieldof-view optics to survey the x-ray sky. Wide-field optics are very similar to Wolter-1 optics, which are used extensively in x-ray astronomy. In the configuration currently being studied, there are 71 concentrically nested mirror shells, each with a different length, giving an overall bow-tie look to the mirror module profile.
Corrective polishing
We have chosen corrective polishing to address specific mounting challenges during fabrication. Here, we assume that the shells will be made of glass. Glass has desirable mechanical properties and also a long polishing history. However, the fabrication of thin, lightweight, sub-arcsecond optics requires innovative technology. NASA MSFC procured a Zeeko polisher (shown in Figure 2 ) to aide in technical advancement: Its capabilities include corrective polishing on the order of nanometers. 
Assembly
As we consider the difficulties in manufacturing, assembling, testing and flying a light-weighted cylinder, the potential of breaking the glass when merely handling the shell becomes obvious. Figure 3 demonstrates the assembly of a Chandra shell. The 20mm-thick shell holds up under its own weight and has minimal distortion due to gravity or contact by the technician. A light-weighted shell, however, must be handled and assembled with extreme care due to the high stress induced on the optic.
Metrology
We assume a vertical metrology mount, as shown in Figure 4 . The Vertical Long-Trace Profilometer (VLTP, from Continental Optics) vertically scans the surface under test (sitting on a rotary table) and is best suited for metrology of mandrels and large-diameter, full-cylinder mirror shells. The metrology capabilities at MSFC are well documented in Reference 14. 
ANALYTICAL RESULTS
This section describes our initial findings for a simple full-shell mounting configuration, defined in Section 3.1. Then, Section 3.2 illustrates the parametric studies of our analytical and FEA models of the shell. Section 3.3 identifies the optimal axial location to mount the specified shell.
Opto-mechanical analysis
Using the FEM software package, ANSYS, opto-mechanical analysis was performed for a cylinder with dimensions that align to the WFXT concept:
FEA was utilized to better understand polishing stresses, gravity sag and mounting errors.
Polishing Stress
The Zeeko polisher has a function to calculate the distance the polishing bonnet must move in order to create a certain contact area. Using a load cell, the polishing forces were measured based on contact area. The load cell was placed where an optic would be placed, and the bonnet was moved the distance to create a circular spot size of 5mm, 10mm, 15mm and 20mm. The results are shown in Table 1 . Using the areas and corresponding forces from Table 1 , finite-element models (FEMs) were created. A model of the optics, shown in Figure 5 , is created with shell elements in a cylindrical geometry, with a circle imprinted according to the polishing area dimensions. A FEM is created for each polishing tool radius from Table 1 and at nine axial locations. The bottom edge is held to zero displacement and the force applied is determined by the size of the circular imprint of the tool on the model. The models are run, outputting the resulting radial displacement and Von Mises stress, as shown in Figure 6 . and on a 2mm-thick shell (right). The radius (r) of the contact area was varied from 5 to 20mm, with the corresponding force, F from Table 1 . For each size of contact area, the location of the polisher was varied from 10% to 90% along the length of the shell.
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The maximum stress we determined the glass can withstand is 1000psi (7MPa). Therefore, judging from the results of the finite-element analysis (FEA) we conclude that a 6mm shell can be polished holding the shell only at the base, but the 2mm shell would break due to polishing stresses under these same conditions.
Assembly mounting
Handling and assembly of light-weighted cylindrical pieces of glass is much more difficult process than with heavier, Chandra-like shells: The possibility of breaking the optic is very high and the alignment must be very precise. Metrology and assembly must be done in as close to a free state as possible, requiring holding the optic in a minimal way. The weight of the glass onto small points creates a stress concentration at those locations.
FEMs are created to determine the minimum number of points needed to reduce the localized stress. Figure 7 shows the distortion and stress due to gravity with 3-point, 6-point, 9-point and 12-point mounts.
Figure 7: Distortion due to gravity in the axial direction, mounted at base. Left to right: 3-point, 6-point, 9-point, and 12-point mounts. Table 3 : Radial displacement and stress results for 3-point, 6-point, 9-point, and 12-point mount.
Besides minimizing the stress induced at the assembly points, the design must not be over-constrained. The 6-point mount creates significantly less stress than the 3-point mount and is less constrained than the 9-point and 12-point mounts. Therefore, the assembly design will use a 6-point mount to lower the glass into place. The whiffletree design, similar to Figure 8 , evenly distributes the weight of the glass to reduce stress concentrations. 
Metrology Mounting
Because lightweight mirrors are flimsy, they are susceptible to significant distortion due to mounting errors, including gravitational sag, machining errors and assembly distortions. As shown in Section 3.1, polishing a simply-supported 2mm thick cylinder will break the glass. A blocking fixture to support the shell along its whole length is necessary to polish light-weighted grazing-incidence glass. Along with the added strength of the fixture comes added error in the optic. Therefore, metrology in a "free form" is required before adding a blocking fixture, then subtraction between the blocking error and the "free form" is applied to the corrective polishing.
By using the VLTP for metrology, the optic does not need to turn on its side and therefore has minimal radial distortion under gravity, as shown in Table 3 . Reference 16 describes the potential to increase precision even more by optimal placement of the mounts, shown in Figure 9 .
Figure 9:
Left: finite-element models (FEMs) of thin cylinder (height=0.198m, diameter=0.226m, thickness=10, 30, 50, 70, and 90 microns) with three equidistant mounting points were created to set mounting tolerances. The axial placement of these points was then varied. Right: imaging half-power diameter of shells of various thicknesses is plotted for FEMs described above, varying the axial location of mounting points. As the thickness gets smaller, the mounting location becomes more significant: thicknesses from top of figure to the bottom are 10, 30, 50, 70, and 90 microns.
Future plans
Much more work is necessary before manufacturing a thin, cylindrical shell on the order of 2mm in thickness. With current mounting schemes, the shell would break due to polishing forces. Our intent is to design a back-structure to support the shell during polishing. Because adding more support to the mount will distort the shell, developing a metrology scheme to record the distortion is vital. The error of the shell in its free state must be what is corrected during the polishing, therefore, tracking the true shape of the optic will be a significant portion of the future metrology effort.
In addition to the back-structure, we will design handling fixtures and assess detailed mount features according to optomechanical analysis. We also plan to analyze segmented designs, active components, and the details of the mounting structure.
Summary
Achieving sub-arcsecond performance with light-weighted x-ray optics is a complex problem; dissecting individual contributors to potential errors is paramount. This paper addresses mounting errors throughout the fabrication, assembly and metrology processes. The opto-mechanical analysis of mounts for a WFXT concept was performed for corrective polishing, whiffletree assembly and VLTP metrology. The results direct us to investigate the mounting structure for very thin shells in order to determine which issues need more attention and which issues that will not be as large a problem as originally anticipated. As we gain expertise in polishing these light-weighted mirrors, more details will be added to the mounting designs.
